Klotho is a recently discovered antiaging gene. Klotho is expressed in mouse pancreatic islets and in insulinoma ␤-cells (MIN6 ␤-cells). The purpose of this study was to investigate whether Klotho plays a role in the regulation of insulin secretion in MIN6 ␤-cells by overexpression and silencing of Klotho. It is interesting that overexpression of Klotho increased glucose-induced insulin secretion in MIN6 ␤-cells. Overexpression of mouse Klotho protein also significantly increased plasma membrane levels of transient receptor potential V2 (TRPV2), calcium entry, and the glucose-induced increase in intracellular calcium. On the other hand, knockdown of Klotho by siRNA significantly decreased plasma membrane levels of TRPV2 and attenuated glucose-induced calcium entry and insulin secretion. Tranilast, a selective inhibitor of TRPV2, abolished the promoting effects of overexpression of Klotho on glucose-induced calcium entry and insulin secretion in MIN6 cells. 
I
nsulin is essential in the regulation of blood glucose levels. It is produced exclusively by ␤-cells in the islet of Langerhans in the pancreas. The loss of pancreatic ␤-cell function is the primary etiology of type 1 diabetes. The ␤-cell dysfunction including decreased insulin secretion has also been considered as an important factor contributing to the pathogenesis of type 2 diabetes (1-3). The development of glucose intolerance and reduced ␤-cell function has been well recognized as an important process of the human aging process (4) .
Insulin is stored in large dense-core granules in pancreatic ␤-cells and is secreted by Ca 2ϩ -dependent exocytosis in response to an elevation of the blood glucose level. In pancreatic ␤-cells, glucose stimulation evokes an increase in the ATP to ADP ratio, which triggers the closure of ATP-sensitive K ϩ channels and cell membrane depolarization. Activation of voltage-gated Ca 2ϩ channels by membrane depolarization increases Ca 2ϩ influx, leading to a rise in cytosolic free Ca 2ϩ concentration, which stimulates insulin secretion (5, 6) . Most recently the Ca 2ϩ -permeable cation channel transient receptor potential V2 (TRPV2) was reported to be involved in the regulation of calcium entry and glucose-induced insulin secretion in MIN6 cells (7, 8) . TRVP2 is a member of the transient receptor potential channel family, which is well recognized as unique cellular sensors for mechano-and thermostimulations (8 -10) . Noxious heat, osmotic and mechanical stimulations, and some molecules have been reported to activate TRPV2 (11) (12) (13) (14) . It was reported that the cell surface retention of TRPV5 and the activity of TRPV5 in human embryonic kidney 293 cells and renal epithelial cells can be regulated by an antiaging gene, Klotho (15) (16) (17) . It is not clear, however, whether Klotho regulates the plasma membrane levels of TRPV2 in MIN6 ␤-cells.
The Klotho gene was identified as a putative antiaging gene named after a Greek goddess Klotho who spins the thread of life (17) (18) (19) . Overexpression of Klotho extended the life span in mice (19) , whereas the mutation of the Klotho gene caused multiple premature-aging phenotypes and a shortened life span (17) (18) (19) . Klotho is predominantly expressed in the kidney and the brain choroid plexus (17, 18, 20) . Klotho-mutant mice displayed hypoinsulimia and pancreatic islet atrophy with decreased insulin storage (21) . There are two forms of Klotho, the full-length Klotho (130 kDa) and the short-form Klotho (65 kDa). The full-length mouse Klotho gene contains five exons and encodes a single-pass transmembrane domain of 1014 amino acids (130 kDa). The majority of amino acids in the Klotho peptide resides in the amino-terminal extracellular domain, which is followed by 21 amino acids membrane-spanning domain, and an 11-amino acid short intracellular carboxyl terminus (18) . The extracellular domain consists of two internal repeat sequences of 440 amino acids, named KL1 and KL2, respectively (18) . The short-form Klotho can be generated by alternative RNA splicing or proteolytic cleavage (17, 18, 20) . A spliced Klotho gene composed of exons 1, 2, and 3 encodes a putative secreted protein of 550 amino acids (corresponding to mKL1; calculated molecular mass at 65 kDa), lacking mKL2 and the transmembrane domain (20) . Klotho is also found in blood, urine, and cerebrospinal fluid (17, 19, 22) . In humans, the Klotho level decreases gradually with advancing age after 40 yr of age (23) .
Our preliminary data showed that Klotho was expressed in mouse pancreatic ␤-cells and MIN6 ␤-cells. It remains unknown, however, whether Klotho has any function in ␤-cells. Whether Klotho is involved in the regulation of insulin secretion has never been investigated. The study of the regulation of insulin secretion by Klotho may reveal new insights into effective therapeutic strategies for patients with ␤-cell dysfunction.
The purpose of this study was to investigate whether Klotho plays a role in the regulation of insulin secretion in MIN6 ␤-cells by overexpression and silencing of Klotho.
Materials and Methods

Reagents and antibodies
For the sources of the reagents and antibodies, please refer to the Online Data Supplement, published on The Endocrine Society's Journals Online web site at http://endo.endojournals.org.
Immunohistochemical analysis of Klotho
The animal study was carried out according to the guidelines of the National Institutes of Health on the care and use of laboratory animals. The project was approved by the Institutional Animal Care and Use Committee. C57BL/6J mice (10 wk old) were euthanized by an overdose of sodium pentobarbital (100 mg/kg⅐liter, ip) and were perfused transcardiaclly using heparinized saline. After the perfusion, the kidney and pancreas were isolated. Kidneys were stored at Ϫ80 C. The pancreas was placed in 4% buffered paraformaldehyde for 24 h and then embedded in paraffin. The paraffin-embedded pancreas of the animal was cut at a thickness of 5 m. The cross-sections of the mouse pancreas were incubated with anti-Klotho or anti-TRPV2 antibodies and then with horseradish peroxidase-conjugated secondary antibodies. Stable diaminobenzidine was used as a substrate for peroxidase. Hematoxylin was used as a counterstaining. The islet of Langerhans in the cross-section of the pancreas was identified under the microscopy (Eclipse Ti; Nikon, Tokyo, Japan). The images of the islets were collected at equal exposure conditions and at the same magnification.
Mouse pancreatic islet isolation
Mouse pancreatic islets were isolated with a modified protocol as described previously (24) . Briefly, collagenase-P was injected into the common bile duct of a mouse. The pancreas was then excised and digested at 37 C. The islets were first purified with premixed Histopaque gradient and then purified by handpicking the separated islets with low-retention pipette tips under a dissecting microscope. When viewed under the microscope, spherical and golden-brown particles (darker color) with a diameter of 50 -250 m were considered as islets.
MIN6 cell culture
Pancreatic insulinoma MIN6 ␤-cells were kindly provided by Dr. Miyazaki (Kumamoto University Medical School, Kumamoto, Japan) and Dr. Steiner (University of Chicago, Chicago, IL) (25) . MIN6 cells were cultured and maintained in DMEM containing 25 mM glucose, 10% fetal bovine serum, 1% penicillin/streptomycin, 2 mM glutamine, and 100 M ␤-mercaptoethanol.
Transfection with plasmid DNA
pAAV-mKL with the full length of mouse Klotho cDNA driven by a cytomegalovirus promoter was constructed as described previously (26) . Plasmid DNA including pAAV-mKL, pAAV vector, and pAAV-GFP was purified with QIAGEN maxikit (Valencia, CA). MIN6 cells cultured in a six-well plate, 12-well plate, or 10-cm dish were transfected with various plasmid DNA at the concentration of 0.064 g/ml using Optifect reagent (Invitrogen, Grand Island, NY) according to the manufacturer's protocol, followed by 72 h incubation in DMEM with 10% fetal bovine serum at 37 C in a CO 2 incubator.
Small interfering RNA (siRNA) transfection
The duplex of siRNA sequence against mouse Klotho gene (5Ј-GCGACTACCCAGAGAGTAT-3Ј) was used as described previously (27) . siRNA sequences were synthesized by Ambion (Austin, TX). SiPORT Neo (Ambion) was used as transfection reagent (Invitrogen) according to the instruction. MIN6 cells were incubated with transfection reagent alone, 90 nM control siRNA, or 90 nM mouse Klotho (mKL) siRNA for 72 h.
RNA isolation and RT-PCR
Total RNA was purified from mouse kidney, isolated mouse pancreatic islets, and MIN6 cells using TRIzol reagent, followed by a QIAGEN RNeasy minikit. RNA (500 ng) was reverse transcribed using SuperScript III reverse transcriptase with OligodT20 (Invitrogen) in the presence of 10 l deoxynucleotide triphosphate for 1 h at 50 C. The resulting cDNA were used as templates for PCR with oligonucleotide primers to amplify the Klotho mRNA and ␤-actin mRNA.
Two specific primer pairs for mouse Klotho mRNA were used. One pair target exons 1 and 2 of the mouse Klotho cDNA (forward, 5Ј-CCTGGTCGACCATTTCAG-3Ј and reverse, 5Ј-AGCACAAAGTCGACAGACTTCTGGC-3Ј), which generated a PCR product of mouse Klotho with 710 bp (18) . The other pair targets exons 4 and 5 of mouse Klotho cDNA (forward, 5Ј-GGGTGACTGGGTCAATCT-3Ј and reverse, 5Ј-GCAAAG-TAGCCACAAAGGC-3Ј), which generated a PCR product of mouse Klotho with 339 bp. The primers for the ␤-actin gene were used as the internal control. The PCR product for ␤-actin was 708 bp.
PCR reactions (50 l volume) contained 3 l of the above cDNA, 0.2 M of the appropriate oligonucleotide primer pair, and 1ϫ Taq 2ϫ master mix (New England Biolabs, Beverly, MA). PCR amplification conditions were as follows: 5 min at 95 C followed by 30 cycles of 95 C for 1 min, optimized annealing temperature for each primer pair for 1 min, and 68 C for 1 min. The PCR products were separated on 1.5% agarose gels and stained with ethidium bromide. The bands were visualized using a ChemiDoc System Imager (Bio-Rad Laboratories, Hercules, CA) and quantified using ImageJ software (National Institutes of Health, Bethesda, MD).
Measurement of cytosolic free calcium concentration
Cytoplasmic-free calcium concentration ([Ca 2ϩ ] c ) was monitored using calcium orange as described previously (28, 29) . Briefly, after transfection for 72 h, MIN6 cells were subcultured into 96-well plate (coated with 1% gelatin) for overnight incubation and then were washed twice with calcium-free KRB (125 Endocrinology, July 2012, 153 (7):3029 -3039 endo.endojournals.orgmM NaCl; 4.74 mM KCl; 1.2 mM KH 2 PO 4 ; 1.2 mM MgSO 4 ; 5 mM NaHCO 3 ; and 25 mM HEPES, pH 7.4). Cells were then incubated in Ca 2ϩ -free KRB, containing 10 M calcium orange for 30 min at room temperature. After washing, calcium-free KRB or ca 2ϩ -containing KRB was added. Signals were recorded for 3-5 min to establish the basal line using a Synergy 2 fluorescence 96-well plate reader (BioTek, Winsookie, VT) with excitation wavelength at 530 nm and emission wavelength at 590 nm. The fluorescence signal was recorded for another 10 min after calcium or glucose was added to the well with final concentration of 2 or 25 mM. The relative [Ca 2ϩ ] c change was calculated by the following formula (30) :
where F is the dye fluorescence at any given time and F rest is the average fluorescence signal before an experimental manipulation (e.g. addition of calcium or glucose in the experiments).
Insulin secretion
After MIN6 cells were transfected for 72 h, MIN6 cells were grown in 12-well plate and were starved with KRB supplemented with 0.1% BSA and 2.8 mM glucose for 15 h. Cells were then washed with PBS and incubated with KRB supplemented with 2.8 mM glucose for 1 h. The medium was then changed to KRB buffer with glucose at various concentrations for 1 h. After incubation with glucose, the medium was collected and centrifuged. Cells were washed and lysed with radioimmunoprecipitation assay buffer for measuring the protein concentration using the Pierce bicinchoninic assay (BCA) assay (Rockford, IL). Insulin was measured in the medium with an ELISA kit ALPCO (Salem, NH), and the results were normalized to the amount of protein in the cell lysates.
Fractionation of plasma membrane proteins
A differential centrifugation procedure was used to isolate crude plasma membrane proteins from 70 to 80% confluent MIN6 cells as described previously (31) . Four fractions identified by differential centrifugation include the plasma membrane, low-density microsomes, high-density microsomes, and cytosol. We collected the plasma membrane fraction in our study. Briefly, after transfection for 72 h, MIN6 cells were washed with PBS and incubated in serum-free DMEM for 2 h. Cells were then homogenized in HES buffer (20 mM HEPES; 1 mM EDTA; 250 mM sucrose, pH 7.4) containing protease inhibitors. The homogenate was centrifuged at 19,000 ϫ g for 20 min at 4 C. The pellet was resuspended in HES buffer and centrifuged again at 19,000 ϫ g for 20 min. The pellet was then resuspended in HES buffer and layered onto a sucrose cushion (38.5%) and centrifuged for 60 min at 100,000 ϫ g. The plasma membrane fraction was collected from the top of the sucrose cushion (white fluffy band at the sucrose cushion interface), resuspended in HES, and repelleted by centrifugation at 40,000 ϫ g for 20 min. The pellet of plasma membrane fractions were resuspended in HES buffer containing protease inhibitor and stored at Ϫ20 C. The protein concentration of these membrane fractions was determined using a Pierce BCA assay.
Western blotting analysis
Western blot analysis was performed as we described previously (2, 32) . Briefly, at 70 -80% confluence, MIN6 cells were washed twice with PBS. MIN6 cells, mouse kidneys, or isolated pancreatic islets were lysed with radioimmunoprecipitation assay buffer containing the protease inhibitor cocktail. Protein concentration was measured with the Pierce BCA assay. Lysates (40 g protein/well) under the reducing condition were directly subjected to SDS-PAGE (4 -20% Tris-HCL precast gel) followed by Western blotting with the Klotho antibody. The same blot was reprobed with antibody against ␤-actin after stripping the blot.
For the fractionated plasma membrane proteins, 3 g of protein under the reducing condition was loaded on each well of Results were standardized to ␤-actin and then expressed as fold changes vs. the control group (transfection reagent alone). Data are means Ϯ SEM (n ϭ 4 independent experiments). **, P Ͻ 0.01, ***, P Ͻ 0.001 vs. the control group; ϩϩ, P Ͻ 0.01, ϩϩϩ, P Ͻ 0.001 vs. the pAAV-GFP group. D, Insulin secretion from MIN6 cells was determined by measuring insulin levels in the medium. Transfected cells were incubated in serum-free DMEM for 2 h before challenged with glucose at 2.8, 7.0, and 16.7 mM in KRB solution for 1 h (see Materials and Methods). Data are means Ϯ SEM (n ϭ 4 independent experiments). **, P Ͻ 0.01, ***, P Ͻ 0.001 vs. control group (transfection reagent alone) at the glucose concentration of 2.8 mM; ϩϩ, P Ͻ 0.01, ϩϩϩ, P Ͻ 0.001 vs. the pAAV-GFP group at the glucose concentration of 7.0 or 16.7 mM;ˆˆˆ, P Ͻ 0.001 vs. the pAAV-mKL group at the glucose concentration of 7.0 mM. SDS-PAGE, followed by Western blotting with antibody against TRPV2 or glucose transporter (GLUT)-2, respectively.
Statistical analysis
Data for Klotho, proinsulin, ␤-actin, [Ca 2ϩ ] c , TRPV2, GLUT2, and insulin were analyzed by a two-or one-way ANOVA. The Newman-Keuls procedure was used to assess the significance of differences between means. A probability value with P Ͻ 0.05 was considered as statistically significant.
Results
Klotho is expressed in mouse pancreatic islets and MIN6 cells
We first examined Klotho protein and mRNA expression in mouse pancreatic islets of Langerhans and MIN6 cells. As shown in the cross-sections of mouse pancreas stained with antimouse Klotho antibody, Klotho protein was detected specifically in pancreatic islets (Fig. 1A) . TRPV2 protein was also expressed in pancreatic islets (Fig. 1B) . The Western blot analysis showed that Klotho was mainly detected as a band with apparent molecular mass at approximately 65 kDa in the isolated pancreatic islets of Langerhans (Fig. 1C) . In MIN6 cells, Klotho was detected as a major band with molecular mass of 65 kDa and a faint band of 130 kDa, respectively (Fig. 1D, left  panel) . Both full-length and short-form Klotho are expressed in plasma membrane in MIN6 cells (Fig. 1D, right  panel) . The RT-PCR analysis showed that the full-length Klotho mRNA was expressed in pancreatic islets and MIN6 cells as Klotho mRNA spanned over exons 1, 2, 4, and 5 ( Fig. 1, E and F) . Therefore, klotho is expressed in both mouse pancreatic islets and MIN6 cells.
Overexpression of Klotho protein increased glucose-induced insulin secretion in MIN6 cells
To explore the function of Klotho, we overexpressed Klotho protein in MIN6 cells by transfection with plasmid DNA pAAV-mKL (driven by the cytomegalovirus promoter). As shown in Fig. 2A , transfection with pAAVmKL for 72 h significantly increased Klotho protein levels compared with the control group (transfection reagent) and the pAAV-GFP group. Klotho gene transfer resulted in both full-length (130 kDa) and short-form (65 kDa) Klotho protein expression (Fig. 2, A-C) .
Glucose at the concentrations of 7 and 16.7 mM simulated insulin secretion from MIN6 cells as evidenced by significant increases in insulin levels measured in the medium, whereas glucose at the concentration of 2.8 mM did not increase insulin secretion significantly (Fig. 2D) . Overexpression of Klotho did not affect the baseline release of insulin (Fig. 2D) . However, overexpression of Klotho significantly increased glucose-induced insulin secretion vs. the control groups (transfection reagent alone and pAAV-GFP) when the concentrations of glucose were 7 and 16.7 mM. Therefore, overexpression of Klotho protein enhanced glucose-induced insulin secretion (Fig. 2D) . Glucose at a higher concentration (16.7 mM) did not further increase insulin secretion in the control groups vs. the glucose at a concentration of 7.0 mM (Fig. 2D) . Notably, glucose at 16.7 mM resulted in a greater insulin release in the pAAV-mKL group vs. glucose at 7.0 mM, indicating that Klotho further enhanced insulin secretion induced by a higher concentration of glucose.
Overexpression of Klotho did not affect insulin mRNA expression or insulin protein levels in MIN6 cells at different concentrations of glucose (Supplemental Figs. 1 and  2 , published on The Endocrine Society's Journals Online web site at http://endo.endojournals.org). Results were standardized to ␤-actin and then expressed as fold changes vs. the control group (transfection agent alone). C, Insulin secretion from MIN6 cells was determined by measuring insulin levels in the medium. Transfected cells were incubated in serum-free DMEM for 2 h before challenged with glucose. Data are means Ϯ SEM (n ϭ 4). **, P Ͻ 0.01; ***, P Ͻ 0.001 vs. the control group; ϩϩ, P Ͻ 0.01, ϩϩϩ, P Ͻ 0.001 vs. the control siRNA group. Endocrinology, July 2012, 153(7):3029 -3039 endo.endojournals.org
Suppression of Klotho expression attenuated glucose-induced insulin secretion in MIN6 cells
To explore the effect of suppression of Klotho expression on insulin secretion, we silenced Klotho gene expression by transfection of MIN6 cells with siRNA against mouse Klotho. As shown in Fig. 3, A and B, transfection with mKL siRNA for 72 h significantly decreased Klotho protein levels vs. both control groups (transfection reagent group and the pAAV-GFP group) in MIN6 cells, confirming effective silencing of the Klotho gene. Knockdown of Klotho did not affect the insulin release when glucose was at the concentration of 2.8 mM (Fig. 3C) . Notably, suppression of Klotho expression significantly attenuated but did not abolish glucose-induced insulin secretion from MIN6 cells as evidenced by a significant decrease in the insulin levels in the medium (Fig. 3C) . Therefore, Klotho is essential in the maintenance of normal glucose-induced insulin secretion in MIN6 cells. Silencing of Klotho did not alter insulin protein expression significantly (Supplemental Fig. 3 ).
Klotho modulated the distribution of TRPV2 on plasma membrane in MIN6 cells
To further assess the molecular mechanism of the effects of klotho on glucose-induced insulin secretion, we examined the distribution TRPV2 on plasma membrane as TRPV2 translocation is involved in insulin secretion (7, 8) . As shown in Fig. 4 , A-C, overexpression of mouse Klotho significantly increased membrane retention of TRPV2 but did not alter membrane retention of GLUT2 compared with the control groups (transfection reagent alone and pAAV-GFP) in MIN6 cells. Overexpression of mouse Klotho did not affect total protein levels of TRPV2 in MIN6 cells (Fig. 4, A and D) .
As shown in Fig. 5 , A-C, knockdown of the Klotho gene significantly attenuated plasma membrane level of TRPV2 but did not affect membrane level of GLUT2 compared with the both control groups (transfection reagent alone and control siRNA) in MIN6 cells. Knockdown of Klotho did not change total protein levels of TRPV2 in cells (Fig. 5, A and D) . These data indicated that Klotho may regulate plasma membrane distribution of TRPV2 in MIN6 cells.
Klotho regulated calcium entry and glucoseinduced intracellular calcium response
Calcium is a critical intracellular stimulator in the release of insulin (5, 6). We assessed calcium entry and glucose-induced intracellular calcium response after transfection of pAAV-mKL for 72 h. Overexpression of mouse Klotho significantly increased calcium entry and glucoseinduced intracellular calcium response compared with the control groups (transfection reagent alone and pAAV-GFP) (Fig. 6, A-D) , whereas knockdown of Klotho significantly attenuated calcium entry and glucose-induced intracellular calcium response compared with the control groups (transfection reagent alone and control siRNA) in MIN6 cells (Fig. 6, E-H) . These data suggest that Klotho regulates cytosol free calcium levels in MIN6 cells.
Inhibition of TRPV2 by Tranilast abolished the promoting effects of overexpression of Klotho on calcium entry and glucose-induced calcium responses and insulin secretion
We then examined cytosol-free calcium levels after inhibition of TRPV2 with Tranilast, a selective inhibitor of TRPV2 (7, 8, 33, 34) . Treatments with Tranilast decreased basal calcium entry and glucose-induced intracellular calcium responses (vector ϩ Tranilast) ( Fig. 7, A-D) . Notably, Tranilast abolished the promoting effects of overexpression of Klotho on calcium entry and glucose-induced intracellular calcium responses (Fig. 7,  A-D) . These results suggest that TRPV2 is a critical mediator for Klotho to regulate calcium entry and glucoseinduced calcium responses in MIN6 cells.
Inhibition of TRPV2 with Tranilast did not affect insulin secretion from MIN6 cells when the glucose concentration was 2.8 mM (Fig. 7E) . Tranilast decreased glucoseinduced insulin secretion when the glucose concentration was 16.7 mM vs. the control group (pAAV-GFP) (Fig. 7E) . Notably, Tranilast abolished the promoting effects of Klotho on glucose-induced insulin secretion (Fig. 7E) , indicating that the enhancing effects of Klotho is TRPV2-dependent.
Discussion
Klotho is a recently discovered aging suppressing gene (17) (18) (19) . We found that Klotho was expressed in mouse pancreatic islets and MIN6 cells as evidenced by expression of Klotho mRNA and protein in mouse pancreatic islets and insulinoma MIN6 ␤-cells (Fig. 1) . The major Klotho protein in mouse pancreatic islets and MIN6 ␤-cells is the short-form Klotho with an apparent molecular mass of 65 kDa in Western blot. We therefore investigated whether Klotho plays a role in the regulation of ␤-cell function by overexpression and silencing of Klotho.
The present study revealed for the first time that overexpression of Klotho increased glucose-induced insulin secretion from MIN6 ␤-cells (Fig. 2D) . However, overexpression of Klotho alone did not alter baseline insulin secretion. These results suggest that Klotho potentiated or enhanced glucose-induced insulin secretion rather than directly stimulated insulin secretion. On the other hand, knockdown of Klotho attenuated glucose-induced insulin secretion (Fig, 3C) . Therefore, Klotho is a critical factor that determines the functional responses of MIN6 ␤-cells to glucose in term of insulin secretion. It is interesting that Klotho may regulate the MIN6 ␤-cell function. The enhancing effects of Klotho on glucose-induced insulin secretion may be due to an increase in insulin release rather than an increase in insulin synthesis because overexpression of Klotho did not alter Klotho mRNA and protein levels in MIN6 cells treated with glucose (Supplemental Figs. 1 and 2) .
TRPV2 is exclusively expressed in ␤-cells (8) . Most recently, TRPV2 has been shown to be involved in the regulation glucose-inducted insulin secretion (7, 8) . To gain insights into the mechanisms of enhancing effects of Klotho on glucose-stimulated insulin release, we assessed plasma membrane level of TRPV2 in MIN6 cells. Overexpression of the Klotho gene increased the cell surface level of TRPV2, whereas knockdown of the Klotho gene attenuated cell surface retention of TRPV2 in MIN6 cells (Figs. 4 and 5) . The effects of Klotho on TRPV2 distribution did not seem to be global because overexpression or knockdown of Klotho did not cause any changes in plasma membrane level of GLUT2, a glucose transporter in pancreatic ␤-cells (35) . TRPV2 is a membrane calcium channel that determines calcium entry in ␤-cells (5, 6) . It is noted that calcium entry and glucose-induced intracellular calcium responses were increased by overexpression of the Klotho gene but were down-regulated by knockdown of the Klotho gene (Fig. 6) . Interestingly, the enhancing effects of overexpression of the Klotho on calcium entry and glucose-induced intracellular calcium responses and insulin secretion were abolished by the inhibition of TRPV2 (Fig. 7) . These findings suggest, for the first time, that TRPV2 is essential for the potentiating effects of Klotho on glucose-induced insulin secretion in MIN6 cells. Activation of membrane TRPV2 increases Ca 2ϩ influx leads to a rise in cytosolic-free Ca 2ϩ concentration, which stimulates insulin secretion (5, 6) . TRPV2 is a calcium-permeable channel that also permeates sodium (10) . Thus, translocation of TRPV2 may increase sodium entry into cells as well, leading to depolarization of the plasma membrane and subsequent activation of the voltage-dependent calcium channels. Currently few specific antagonists for TRPV2 have been identified (36) . Tranilast was used as a selective inhibitor of TRPV2 in our experiments because it had been shown to achieve the same inhibition of TRPV2 function as knockdown of TRPV2 with siRNA techniques in MIN6 cells (7, 8) .
Despite the sequence homology to glycosidases, the endogenous substrates or interaction partners for Klotho . Data are means Ϯ SEM. *, P Ͻ 0.05, **, P Ͻ 0.01 vs. the control group (pAAV vector); ϩϩϩ, P Ͻ 0.001 vs. the pAAV-mKL group. E, Effects of Tranilast on the promoting effects of Klotho on glucose-induced insulin secretion. Insulin secretion was measured in the medium as described in Fig. 2D after treatments with glucose and/or Tranilast. Data are means Ϯ SEM (n ϭ 3). ***, P Ͻ 0.001 vs. the control group (pAAV-GFP) with the concentration of glucose at 2.8 mM; ϩϩ, P Ͻ 0.01, ϩϩϩ, P Ͻ 0.001 vs. the control group (pAAV-GFP) with the concentration of glucose at 16.7 mM;ˆˆˆ, P Ͻ 0.001 vs. the pAAV-mKL group with the concentration of glucose at 16.7 mM. remain controversial. It has been reported that Klotho exhibited weak ␤-glucuronidase activity in vitro (37) . Treatments with Klotho have been shown to increase cell surface abundance of TRPV5 in human embryonic kidney 293 cells by hydrolysis of its extracellular N-linked glycans through glucuronidase activity of Klotho (16) . Klotho also participated in removal of ␣2,6-linked sialic acids of TRPV5 through its sialidase activity in Chinese hamster ovary cells (15) . Removal of terminal sialic acids from N-glycans exposes the underlying LacNAc for binding with galectin-1, leading to enhanced retention of TRPV5 at the cell surface (15) . Given that TRPV2 does have a potential N-glycosylation site (10, 17) , it would be interesting to investigate a hypothesis that Klotho targets this N-linked glycan or sialic acid on the N-glycan of TRPV2 to regulate the retention of TRPV2 on plasma membrane in MIN6 cells.
Most recently the importance of pancreatic ␤-cell dysfunction in the development of type 2 diabetes has been increasingly appreciated (1) . It is now well accepted that when insulin resistance develops in response to metabolic dysfunction such as obesity, a subset of genetically predisposed individuals fails to adequately compensate for the increased insulin demand, and ␤-cell failure ensues (38) . In addition, longitudinal studies in humans have clearly demonstrated that ␤-cell function deteriorates during the years after the diagnosis of type 2 diabetes, regardless of the therapeutic regimen (39) . Chronic hyperglycemia and dislipidemia have been thought to contribute to the worsening of ␤-cell functions over time (40) . The Klotho level was decreased in a mouse model of type 2 diabetes (41). Klotho-deficient mice exhibit hypoinsulinemia and pancreatic islet atrophy with diminished insulin protein and mRNA levels (decreased ␤-cell function) (21) . Therefore, it is interesting to investigate whether the Klotho gene delivery can enhance insulin secretion in diabetic animal models. Such a study holds great promise for developing an effective therapeutic strategy for type 2 diabetes with ␤-cell dysfunction.
The Klotho gene was identified as a putative antiaging gene (17) (18) (19) . Overexpression of Klotho extended the life span in mice (19) , whereas the mutation of the Klotho gene caused multiple premature-aging phenotypes and shortened the life span (17) (18) (19) . Genetic Klotho deficiency leads to hypoinsulimia and pancreatic ␤-cell dysfunction in mice (17, 21) . In humans, the Klotho level declines with advancing age after 40 yr of age (17, 23) . The human aging is characterized by reduced insulin secretion from ␤-cell and increased insulin resistance in the peripheral tissues (4) . A further study is warranted to determine whether Klotho deficiency may contribute to the aging-related impairment in ␤-cell function.
The major endogenous Klotho protein expressed in MIN6 ␤-cells is the short-form Klotho protein (65 kDa) (Fig. 1) . Interestingly, the transfer of the full-length Klotho gene led to expression of both full-length and short-form Klotho proteins with apparent molecular mass of 130 and 65 kDa, respectively, in MIN6 cells (Fig. 2) . The limitation of this study is that it cannot differentiate whether the promoting effect of the Klotho gene transfer is due to expression of short-form klotho or full-length klotho. It should be mentioned that MIN6 may respond to Klotho differently vs. the primary ␤-cells in term of glucose-induced insulin secretion. Additional studies are needed to determine the role of Klotho in the other ␤-cell lines and in the in vivo conditions. In summary, this study revealed a previously unidentified role of Klotho in the regulation of glucose-induced insulin secretion in MIN6 ␤-cells. Overexpression of mouse Klotho enhanced plasma retention of TRPV2, calcium entry, and glucose-induced intracellular calcium responses and insulin secretion, whereas knockdown of Klotho attenuated these events. Inhibition of TRPV2 with Tranilast abolished the enhancing effects of overexpression of Klotho on calcium entry and glucose-induced intracellular calcium responses and insulin secretion. These findings strongly suggest that Klotho enhances glucoseinduced insulin secretion via up-regulating membrane retention of TRPV2.
